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Acute inflammation and infection maintain circulating
phospholipid levels and enhance lipopolysaccharide
binding to plasma lipoproteins
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Abstract Circulating lipoproteins are thought to play an
important role in the detoxification of lipopolysaccharide
(LPS) by binding the bioactive lipid A portion of LPS to the
lipoprotein surface. It has been assumed that hypocholes-
terolemia contributes to inflammation during critical illness
by impairing LPS neutralization. We tested whether critical
illness impaired LPS binding to lipoproteins and found, to
the contrary, that LPS binding was enhanced and that LPS
binding to the lipoprotein classes correlated with their
phospholipid content. Whereas low serum cholesterol was
almost entirely due to the loss of esterified cholesterol (a li-
poprotein core component), phospholipids (the major lipo-
protein surface lipid) were maintained at near normal levels
and were increased in a hypertriglyceridemic subset of sep-
tic patients. The levels of phospholipids found in the LDL
and VLDL fractions varied inversely with those in the HDL
fraction, and LPS bound predominantly to lipoproteins in
the LDL and VLDL fractions when HDL levels were low. Li-
poproteins isolated from the serum of septic patients neu-
tralized the bioactivity of the LPS that had bound to
them.fil Our results show that the host response to acute in-
flammation and infection tends to maintain lipoprotein
phospholipid levels and that, despite hypocholesterolemia
and reduced HDL levels, circulating lipoproteins maintain
their ability to bind and neutralize an important bacterial
agonist, LPS.—Kitchens, R. L., P. A. Thompson, R. S. Mun-
ford, and G. E. O’Keefe. Acute inflammation and infection
maintain circulating phospholipid levels and enhance li-
popolysaccharide binding to plasma lipoproteins. J. Lipid
Res. 2003. 44: 2339-2348.

Supplementary key words sepsis ¢ acute phase ¢ endotoxemia ¢ hypo-
cholesterolemia ¢ hypertriglyceridemia

Lipopolysaccharide (LPS) (also called endotoxin), one
of the most potent of the known bacterial agonists, is re-
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leased from the outer membranes of gram-negative bacte-
ria and is thought to be an important trigger for the host
response known as sepsis. In addition to their roles in cho-
lesterol and lipid transport, plasma lipoproteins provide
an important host mechanism for controlling responses to
LPS (1). Lipoproteins bind the bioactive lipid A portion
of the molecule and prevent it from stimulating mono-
cytes, macrophages, and other LPS-responsive cells. Lipo-
protein-bound LPS is cleared from the circulation princi-
pally by the liver (2), where the LPS may then be excreted
into the bile (3). In numerous in vivo experimental mod-
els, raising plasma lipoprotein levels has decreased the
stimulatory effects of LPS and increased host survival dur-
ing endotoxemia (4, 5) or gram-negative bacterial infec-
tion (6). Conversely, lowering lipoprotein levels rendered
animals more susceptible to LPS-induced lethality (1).
Extensive changes in plasma lipoproteins occur during
the body’s acute-phase response to injury or infection (7).
For many years, hypocholesterolemia has been a consis-
tent finding in humans with infection or critical illness (7,
8). Several reports have shown strong correlations be-
tween low plasma cholesterol and mortality in critically ill
or infected patients (8-10), and some investigators have
hypothesized that low lipoprotein cholesterol levels im-
pair the host’s ability to bind and neutralize LPS, so that
more LPS is available to induce harmful inflammation (8,
10-12). Low cholesterol levels are sometimes accompa-
nied by hypertriglyceridemia and elevated VLDL levels (7.
13). Hypertriglyceridemia is generally thought to benefit
the host in various ways [e.g., by providing nutrients to
cells involved in the immune response and tissue repair
and by neutralizing certain microorganisms and their tox-
ins (14)]. No detailed analysis of LPS-lipoprotein interac-
tions in the serum of critically ill patients has been re-
ported, and it is uncertain how hypocholesterolemia or
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hypertriglyceridemia might affect innate immune re-
sponses and inflammation in these patients.

Phospholipids are the most abundant lipid components
of the surface domain of lipoprotein particles (15), and
several lines of evidence suggest that lipoprotein phos-
pholipids are the most important determinants of LPS-
lipoprotein binding: Parker and coworkers (16) showed
that the ability of the various lipoprotein classes to neu-
tralize the bioactivity of LPS depends upon their phospho-
lipid content and not upon their content of cholesterol or
triglycerides; LPS binding protein (LBP) can transfer LPS
into phospholipid vesicles (17); and artificial phospho-
lipid-rich particles (4, 18) and emulsions (19) are effective
LPS scavengers. In therapeutic trials, increasing the phos-
pholipid content of circulating lipoproteins was associ-
ated with increasing protection against the adverse physio-
logic effects of LPS in rabbits (20) and against mortality in
a model of porcine septic peritonitis (19).

HDL is the most abundant lipoprotein in terms of parti-
cle number and surface area, and it contains the majority
of the circulating phospholipids in normal human plasma
(11, 15, 21). When LPS is added to plasma or serum, the
majority of the lipoprotein-bound LPS is found in the HDL
fraction, whereas most of the remainder is found in LDL
(22-24). In septic patients, HDL levels decline more than
those of any other lipoprotein class (25). LDL cholesterol
levels also fall sharply, raising the possibility that LPS bind-
ing to both HDL and LDL could be impaired. In contrast,
the VLDL and chylomicron (CM) fractions of normal se-
rum bind very little LPS, even when VLDL and CM levels
are elevated, as in healthy postprandial human subjects
(26). LPS binding to VLDL was only modestly increased
(<2fold) in the blood of subjects with type IV hyperlipi-
demia; in these specimens, HDL remained the dominant
LPS acceptor despite severe hypertriglyceridemia and high
VLDL levels (27). Although these results suggest that VLDL
may play a minor role in LPS neutralization, infusion of
exogenous VLDL or CM can protect rodents from LPS-
induced lethality and can prevent septic death in a model of
infectious peritonitis (6). The role that these triglyceride-
rich particles play in LPS neutralization is thus uncertain.

To understand the impact of critical illness and infec-
tion on the ability of endogenous human lipoproteins to
bind LPS, we measured the binding of radiolabeled LPS
to lipoproteins in the serum of critically ill patients, many
of whom were experiencing severe sepsis or septic shock,
and compared these values with those obtained from a
group of healthy volunteers.

MATERIALS AND METHODS

LPS and reagents

Biosynthetically labeled Escherichia coli LCD25 ([3H]LPS, Ra
chemotype [1.5 X 105 dpm/pug]) (28) was diluted in HEPES-
buffered saline that contained 0.1 mM EDTA and 0.3 mg/ml of
BSA and sonicated to disperse large LPS aggregates as described
(29). All other reagents were from Sigma Aldrich (St. Louis,
MO) unless stated otherwise.
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Experimental subjects

Serum samples were obtained from 41 critically ill patients
and 17 healthy control subjects (median ages 41 and 37 years, re-
spectively). Thirty-one of the patients had sustained blunt
trauma or severe burn injury, and the remaining 10 patients had
various other illnesses. Cholesterol and lipid analyses were per-
formed on all subjects, and complete analyses of fractionated li-
poproteins were performed on a representative group of 19 of
these patients and seven controls. In some patients, two to four
serum samples were taken from the same individual on different
days, and these were included in the analysis if significant
changes in the patients’ clinical condition had occurred. Clinical
classifications were made according to established criteria (30).
All of the samples were from patients who met criteria for the sys-
temic inflammatory response syndrome (SIRS). Patients with no
evidence of infection were classified as “SIRS.” Patients who had
confirmed bacterial or fungal infections were classified as “sep-
sis,” and sepsis patients with organ dysfunction, hypoperfusion,
hypotension, or shock were classified as “severe sepsis.”

Serum was prepared by centrifugation of clotted venous
blood, and it was aliquoted and stored at —70°C. The samples
were obtained by informed consent with the approval of the In-
stitutional Review Board of UT Southwestern Medical Center.

Isolation and fractionation of LPS-lipoprotein complexes

Undiluted serum (0.5 ml) was mixed with 26 pl of a protease
inhibitor cocktail to give final concentrations of 1 wg/ml aproti-
nin, 1 mM benzamidine, 0.25 mM PMSF, and 20 mM HEPES
buffer (pH 7.4). Two and a half microliters of [*H]LPS (50 ng
LPS/ml final) was then added, the mixture was incubated for 10
min or 60 min at 37°C, and the reaction was stopped by placing
the sample on ice. The total lipoprotein fraction of the serum
was then isolated by ultracentrifugal flotation in KBr (d < 1.21
gm/ml) as described (23) in the presence of the same protease
inhibitors and 3 mM EDTA. Free [*H]LPS and [3H]LPS-protein
complexes did not float with LPS-lipoprotein complexes. In ex-
periments not shown, the protease inhibitors did not influence
the binding or distribution of [®PH]LPS in the lipoprotein classes.

The total lipoprotein fraction (0.5 ml) was separated into the
major lipoprotein classes on a Superose 6 HR 10/30 column us-
ing an AKTAexplorer 10 chromatography system (Amersham
Pharmacia Biotech, Piscataway, NJ). The column buffer [50 mM
Tris (C17) (pH 7.4), 150 mM NaCl, 0.25 mM EDTA, and 0.02%
sodium azide] was run at a flow rate of 0.3 ml/min, and 0.5 ml
fractions were collected. The recovery of [BH]LPS in the column
fractions was 95 = 6% (mean = SD, n = 58) of the material in-
jected onto the column. The presence of LPS in the lipoprotein
particles did not alter their mobility on the column; this may be
due to the small molecular size of the LPS monomers (~4 kDa)
and to the low LPS-lipoprotein ratio. The lipoprotein-bound
[*H]LPS separated in the same positions as the lipoprotein cho-
lesterol and phospholipids. Ultracentrifugal flotation of the LPS-
lipoprotein complexes prior to Superose 6 chromatography was
required to remove free LPS and protein-bound LPS, both of
which had unpredictable mobilities on the column.

To identify the lipoproteins in the column fractions, apolipo-
proteins were measured by ELISA either in individual fractions
or in pooled fractions that constituted each peak. The lipopro-
teins separated into three distinct peaks in samples from all con-
trols and from almost all of the patients. Peak I, which contained
VLDL and CM, had substantial amounts of triglycerides and
nearly one-half of the total apolipoprotein E (apoE). Ratios of
triglycerides to phospholipids in peak I did not exceed 2.2, sug-
gesting that these particles were predominantly VLDLs and not
CMs, which normally contain much higher ratios (~12) (15).
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We cannot rule out the possibility that this peak also contains
large phospholipid-rich particles such as lipoprotein X (31).
Peak II contained LDL, as evidenced by the predominance of
apoB [81 * 12% of the total apoB (n = 31) in the patients and
85 = 6% (n = 7) in the controls]. Peak III contained all of the
HDL and no LDL, as shown by the presence of over 95% of the
total apoA-I and less than 5% of the total apoB in both control
and patient samples. Serum amyloid A (SAA), which becomes
the major HDL apolipoprotein during the acute-phase response
[as reviewed in ref. (11)], was elevated in the patient serum
[mean = 3.4 mg/ml (range 0.39-10.8); n = 43]; as expected, we
found almost all of the SAA (87 = 17%; n = 31) in the HDL
peak. In a subset of hypertriglyceridemic patients, however, both
SAA and apoB were increased substantially in the VLDL peak, in
keeping with the work of others (32) who showed by a density
fractionation method that apoB and SAA can become major con-
stituents of VLDL at the height of the acute-phase response. We
did not identify a discrete peak for IDL, which is normally inter-
mediate between LDL and VLDL in both density and size. There-
fore, peaks I and II may both contain IDL. Lipoprotein [a]
(Lp[a]) separated on the leading edge of the LDL peak in nor-
mal plasma (data not shown); circulating Lp[a] has been re-
ported to be markedly reduced in patients with burn injury and
sepsis (33).

Lipoprotein assays

Cholesterol and lipids were measured colorimetrically in a mi-
crotiter format. Infinity™ reagent sets for total (esterified and
unesterified) cholesterol and triglycerides were from Sigma-
Aldrich. The Phospholipids B™ assay kit (Wako Chemical Co.,
Richmond, VA) detected both phosphatidylcholine and sphingo-
myelin, which constitute over 90% of the lipoprotein phospho-
lipids. Sphingomyelin was measured in total lipid extracts of se-
rum by a colorimetric assay using sphingomyelinase as described
previously (34), with brain sphingomyelin as the standard. Phos-
phatidylcholine was undetectable in this assay. Total phospholip-
ids were measured in both whole serum and the lipid extracts us-
ing the Phospholipids B™ assay to determine lipid recovery in
the extracts. Free (unesterified) cholesterol was measured in se-
rum using the assay kit from Wako Chemical Co., and esterified
cholesterol was calculated by subtracting free from total choles-
terol. Total serum apoA-I, apoB, and apoE were measured turbi-
dimetrically using assay kits from Sigma-Aldrich, DiaSorin (Still-
water, MN), and Wako Chemical Co., respectively. To measure
apolipoproteins in the column fractions, ELISA assays were per-
formed using antibodies from BioDesign International (Saco,
ME). The monoclonal capture antibodies were clones 1C5
(H61531M) for apoA-l, 4C11 (H61527M) for apoB, and 1H4
(H11004M) for apoE. Biotinylated goat antibodies were used for
detection (K45252G, K34003G, and K74180B, respectively). For
SAA, a matched antibody pair (C-SAA1 and T-SAA2-H) was ob-
tained from YES Biotechnology Laboratories, Ltd. (Ontario,
Canada). Streptavidin-conjugated horseradish peroxidase (Jack-
son Immunoresearch, West Grove, PA) and 3,3",5,5"-tetramethyl-
benzidine substrate reagent (BD Pharmingen, Chicago, IL) were
used for detection.

LPS bioactivity assay

Free [*H]LPS or dialyzed [*H]LPS-lipoprotein complexes
were incubated with adherent normal human monocytes in 1 ml
RPMI 1640 containing heat-inactivated serum (10% FCS and 1%
human serum) for 6 h at 37°C in a 5% COy atmosphere. Tumor
necrosis factor (TNF)-a and interleukin 6 (IL-6) were measured
in the culture supernatants by ELISA using DuoSet™ reagent
sets from BD Pharmingen.

Statistics

Data sets that were segregated according to clinical classifica-
tion were analyzed by ANOVA with Dunnett’s multiple compari-
son test, and sets of X-Y data points were analyzed by linear re-
gression or nonlinear exponential regression using Prism 3.0
(GraphPad Software, Inc., San Diego, CA). The analyses in-
cluded some data points that were derived from the same patient
at a different clinical stage of illness (see above). Removing these
replicate samples did not alter the P values in ANOVA and re-
gression analyses, and rvalues changed very little (data not shown).

RESULTS

Serum lipid profiles in critically ill patients

The patients in our study can be grouped according to
two general lipid profiles: a) hypocholesterolemia without
hypertriglyceridemia and &) hypocholesterolemia with
varying degrees of hypertriglyceridemia. As shown in Fig.
1A, every clinical group showed marked hypocholester-
olemia, which was due almost entirely to reduced levels of
cholesterol esters (Fig. 1B). In contrast, free cholesterol
was not significantly reduced in the patient population
and was increased in a subset of patients with severe sepsis
(Fig. 1C). Total phospholipid levels, which correlated
strongly with those of free cholesterol (r = 0.91; P <
0.0001; data not shown), declined slightly in SIRS patients
and increased in a subset of severe sepsis patients (Fig.
1D). Changes in total phospholipid levels were due
mainly to changes in phosphatidylcholine levels. Sphingo-
myelin constituted a small fraction (5-14%) of the total
phospholipids, and sphingomyelin levels were slightly de-
creased [15 * 3.8 mg/dl (mean * SD), n = 17] in the pa-
tient serum compared with those of normal serum (23 *
2.8 mg/dl, n = 7) (P = 0.0001; data not shown).

A subset of patients had hypertriglyceridemia (Fig. 1E),
defined here as a serum triglyceride level above 200 mg/
dl. Hypertriglyceridemia occurred regardless of whether
the patients received nutritional supplementation (data
not shown), and these patients also had elevated levels of
phospholipids, free cholesterol, and VLDL (see below). In
the patient population, total serum phospholipids (r =
0.90; P < 0.0001) and free cholesterol (r = 0.89; P <
0.0001) increased coordinately with triglycerides, whereas
cholesterol ester levels were inversely related to those of
triglycerides (r = —0.48; P = 0.0043).

HDL phospholipids vary inversely with VLDL
and LDL phospholipids

Analysis of the major lipoprotein classes showed that
HDL levels decreased sharply in the patient population.
As shown in Table 1, the greatest decline in HDL choles-
terol and phospholipid levels (87% and 71%, respec-
tively) occurred during severe sepsis. Although LDL cho-
lesterol also decreased by 55% in the patient serum,
phospholipid levels in the LDL and VLDL fractions did
not decline at all. As shown in Fig. 2, LDL and VLDL
phospholipids increased as HDL declined to very low lev-
els, suggesting a compensatory mechanism for the loss of
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Fig. 1. Total serum cholesterol and lipids in healthy controls and critically ill patients. Measurements of to-
tal serum cholesterol (esterified and unesterified) (A), esterified cholesterol (B), free (unesterified) choles-
terol (C), phospholipids (D), and triglycerides (E) are shown for healthy controls (Ctrl) and patients accord-
ing to clinical classification. Significant differences from controls are signified by * P < 0.01 and # P < 0.05.

HDL phospholipids. These inverse relationships were
nonlinear, mainly due to the fact that HDL levels were of-
ten low in the absence of an increase in VLDL and LDL.
VLDL cholesterol also increased with decreasing HDL lev-
els, whereas LDL cholesterol remained low (data not
shown). Increases in VLDL (r = 0.89; P < 0.0001) and
LDL phospholipids (r = 0.63; P < 0.0001) were related to
increased triglycerides.

LPS-lipoprotein binding is enhanced during critical illness
To determine the relative rates of LPS binding to
plasma lipoproteins, we measured the extent of [3H]LPS
binding to lipoproteins during an incubation time (10
min) at which submaximal binding occurred. We found
that the mean percentage of lipoprotein-bound [3H]LPS
was higher in the patient samples [50 = 6.8% (mean *
SD), n = 31] than in controls (35 * 3.3%, n = 10, P <
0.001). When the incubations were extended to 60 min,
the lipoprotein-bound [*H]LPS in the patient samples
(64 = 7.0%, n = 6) was still higher than that in the con-
trols (52 £ 3.1%, n = 3, P < 0.05). Despite low choles-
terol levels, the rates of LPS binding to lipoproteins were
significantly increased in all clinical groups (Fig. 3A).
Because LBP is the major serum protein that transfers
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LPS to lipoproteins (22), we next measured serum LBP
concentrations to determine if elevated levels of LBP
might be responsible for the increased rates of LPS-lipo-
protein binding in the patient serum. Although the
mean LBP concentration in the patient samples (28 =
17 pg/ml; n = 36) was elevated ~10-fold above levels in
controls, regression analysis showed no correlation be-
tween the LBP concentration and the rate of LPS bind-
ing to lipoproteins (r = 0.076, P = 0.68). In contrast,
certain changes in serum lipoproteins showed highly
significant correlations with LPS binding to the lipopro-
teins. The ratio of phospholipids to total cholesterol was
elevated to varying degrees in all clinical groups (Table
1), and this ratio correlated most strongly with LPS
binding to lipoproteins (Fig. 3B). We looked for other
correlations within the patient population (controls
were excluded to increase confidence) and found that
in addition to the phospholipid-to-total cholesterol ra-
tio, total serum apokE, apoB, and LDL phospholipids
each correlated positively (P < 0.01) with LPS binding
to the total lipoprotein fraction. These results raise the
possibility that changes in lipoprotein composition may
be responsible for the observed enhancement of LPS
binding.
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TABLE 1. Phospholipid, total cholesterol, and [*H]lipopolysaccharide distribution in the major lipoprotein
classes in critically ill patients

Control (n = 7) SIRS (n = 11) Sepsis (n = 8) Severe Sepsis (n = 16)
HDL
Phospholipids 130 * 22 (85-155) 61 = 26 (27-99)¢ 62 = 18 (32-88)“ 38 £ 19 (14-73)¢
Cholesterol 66 * 9 (54-79) 21 = 12 (8-43)¢ 15 *= 8.4 (5-30)¢ 8.4 = 7.5 (1-28)¢
PL-cholesterol ratio 2.0 £ 0.2 (1.6-2.2) 3.3+0.8(22-42) 5.0 *3.3(29-12.3) 7.0+ 4.9 (2.4-27)
[PH]LPS 61 * 4.7% (53-68) 60 = 14% (38-75) 57 = 12% (37-69) 38 * 17% (13-62)
LDL
Phospholipids 74 = 16 (57-96) 72 * 34 (32-125) 74 £ 20 (b5-111) 100 = 41 (46-177)

Cholesterol 118 + 21 (89-138) 51 =17 (20-78)¢ 58 + 13 (35-70)¢ 52 = 15 (28-84)¢

PL-cholesterol ratio  0.66 = 0.05 (0.57-0.7) 1.4 = 0.4 (0.8-1.9) 1.3 = 0.4 (0.9-1.9) 2.0 * 0.8 (1.0-8.8)«

[BH]LPS 34+ 5.6% (26-43) 80 + 9.4% (19-47) 3% = 9.2% (23-50) 39 * 7.8% (29-53)
VLDL

Phospholipids 14 + 8.4 (4-26) 30 * 29 (9-96) 98 + 31 (0-92) 102 = 97 (2-340)°

Cholesterol 17 + 11 (8-39) 18 + 13 (8-49) 18 * 18 (1-56) 47 = 40 (1-134)
PL-cholesterol ratio  0.82 = 0.22 (0.5-1.2) 1.5 = 0.5 (0.8-2.3)> 1.3 = 0.7 (0-1.9) 1.9 + 0.42 (1.0-2.5)4
[BH]LPS 4.9 = 1.8% (3-8) 9.8 = 6.7% (3-25) 10 = 8.9% (3-29) 23 = 16% (2-58)“

LPS, lipopolysaccharide; SIRS, systemic inflammatory response syndrome. Total serum lipoproteins (d < 1.21
g/ml) were isolated and fractionated by Superose 6 chromatography. The total phospholipid or cholesterol con-
tent of each lipoprotein class (expressed as mg/dl of serum) was determined by multiplying the percentage of the
total phospholipids or cholesterol found in each peak (I, VLDL; II, LDL; and III, HDL as shown in Fig. 4) by the
concentrations of total serum phospholipids or cholesterol, respectively. The ratio of phospholipids to cholesterol
was measured in each individual sample, and the averages of those measurements are shown. The [*H]LPS distri-
bution is shown as the percentage of total lipoprotein-bound [*H]LPS found in each fraction as described in Fig.
3. The data are shown as mean = SD (range). Subjects were segregated by clinical classification of critically ill pa-

tients.

“ Significant differences from the control group, P < 0.01.
¢ Significant differences from the control group, P < 0.05.

LPS binds predominantly to HDL in
normotriglyceridemic serum

We next measured LPS binding to the major lipopro-
tein classes by Superose 6 column chromatography. Rep-
resentative chromatograms of lipoproteins from healthy
volunteers and septic patients are shown in Fig. 4. The
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Fig. 2. VLDL phospholipids (A) and LDL phospholipids (B) vary
inversely with HDL phospholipids. Lipoproteins from controls and
critically ill patients were analyzed as described in Fig. 4, and the to-
tal phospholipid content of each lipoprotein class (mg/dl of se-
rum) was determined as described in Table 1. The data were ana-
lyzed by exponential regression.

mean percentages of the total lipoprotein-bound [*H]LPS
found in each lipoprotein fraction are shown in Table 1
for control and patient serum. As expected (23), in nor-
mal serum we found the majority of the lipoprotein-
bound [3H]LPS in the HDL fraction [61 * 5% (mean
SD), n = 7], with most of the remainder in LDL (34 =
6%) and a small amount in VLDL (5 * 2%) (Table 1, Fig.
4A, B, and Fig. 5). Despite low HDL levels in the patient
samples (Table 1), HDL was the dominant acceptor lipo-
protein in normotriglyceridemic serum, as shown in sam-
ples with low VLDL levels (Fig. bA).

[+

LPS binds predominantly to LDL and VLDL in
hypertriglyceridemic serum

LPS binding to VLDL ([*H]LPS-VLDL) increased lin-
early with increasing VLDL phospholipids in hypertriglyc-
eridemic serum, and there was an inverse relationship
between [*H]LPS-VLDL and [*H]LPS-HDL (Figs. 4C-H,
5A). As HDL phospholipids (Fig. 5B) and HDL choles-
terol (data not shown) decreased, the fraction of the
[BH]LPS that bound to VLDL increased, while the frac-
tion of the [®H]LPS that bound to HDL decreased. Simi-
larly, as HDL decreased, the fraction of the [3H]LPS that
bound to LDL increased (Fig. 5C). Less than 50% of the
[*H]LPS was found in HDL in almost all of the hypertri-
glyceridemic samples (Fig. 5A). Thus, VLDL and LDL col-
lectively become the dominant LPS acceptor lipoproteins
in hypertriglyceridemic serum.

In keeping with a report that septic patients had in-
creased levels of circulating apoE-HDL (35), we found
that some of the lipoprotein-bound [*H]LPS coeluted
with apoE-containing particles (presumably apoE-HDL)
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Fig. 3. The rate of lipopolysaccharide (LPS) binding to serum li-
poproteins is increased during critical illness. [*H]LPS was incu-
bated with serum for 10 min at 37°C, and the total lipoprotein frac-
tion of the serum was isolated. A: The data (yaxis) are expressed as
the percent of the total added [3H]LPS that bound to lipoproteins
per 10 min. Subjects were segregated by healthy controls (Ctrl) and
by clinical classification of the patients. The results in each of the
three clinical groups were significantly different from the controls
* P<<0.01. B: The data in A were plotted (x axis) against the ratio
of phospholipids to total serum cholesterol (y axis), and the results
were analyzed by linear regression.

that were intermediate in size between HDL and LDL
(Fig. 4H and data not shown) in nine of our hypertriglyc-
eridemic patients. The sizes of the apoE-containing parti-
cles were clearly larger than those of the particles that
contained apoA-I and SAA in six of these patients. These
data, taken together with the data shown in Fig. 5, support
the hypothesis that in some hypertriglyceridemic patients,
almost all of the lipoprotein-bound LPS was associated
with particles that contain apoE and/or apoB.

Our results do not rule out the possibility that the high
phospholipid content of the VLDL fraction in some septic
patients is due in part to the presence of large phospho-
lipid-rich particles that are distinct from VLDL. The
VLDL phospholipid-to-apolipoprotein ratios in some sep-
tic patients [e.g., 2.9 (Fig. 4G, H) | were somewhat higher
than those of controls [e.g., 1.9 (Fig. 1A, B)]. However,
the average ratios in each clinical group were not signifi-
cantly different from the controls (data not shown).

Acute-phase lipoproteins neutralize the bioactivity of LPS

We pooled serum samples from control subjects or pa-
tients, incubated them with [?H]LPS, and isolated the
[*H]LPS-lipoprotein complexes from the serum. LPS in
the lipoprotein complexes had essentially no ability to
stimulate human monocytes to release TNF-a (Fig. 6) or
IL-6 (data not shown). In a similar experiment, [*H]LPS-
lipoprotein complexes from pooled hypertriglyceridemic
serum samples were isolated by differential ultracentrifu-
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gation into VLDL/IDL (d < 1.019), LDL (1.019 < d <
1.063), and HDL (1.063 < d < 1.21) fractions. In the
monocyte stimulation assay, the lipoprotein-bound LPS in
each density fraction was essentially devoid of bioactivity
(data not shown). Our data therefore suggest that inflam-
mation and sepsis-induced changes in plasma may acceler-
ate both the binding and neutralization of LPS by lipopro-
teins.

DISCUSSION

Our results show that the lipoproteins in human serum
can rapidly sequester LPS, even when total cholesterol lev-
els are low during critical illness. Contrary to previous
speculation, it thus seems unlikely that the hypocholester-
olemia of critical illness impairs the neutralization of cir-
culating LPS by decreasing LPSlipoprotein binding (8,
10-12). Although much attention has been focused on
cholesterol as a measure of lipoprotein levels, our results
suggest that in critically ill patients, serum cholesterol is a
poor indicator of the capacity of lipoproteins to bind LPS.
This may be explained in part by the observation that the
loss of cholesterol is due to the loss of esterified choles-
terol from the core of lipoprotein particles, whereas little
or no material (phospholipids, protein, and free choles-
terol) is lost from lipoprotein surface domains where LPS
binds (Fig. 1 and data not shown). Phospholipid levels
more accurately reflect lipoprotein surface area than do
total cholesterol levels, because phospholipids and pro-
teins increase in proportion to the surface area of the par-
ticle (15).

We found that the distribution of lipoprotein-bound
LPS among the major lipoprotein classes in our patients
paralleled the phospholipid content of those classes (Figs.
4, 5). The distribution of phospholipids in the lipoprotein
classes may thus explain the patterns of LPS-lipoprotein
binding that we observed. HDL has been called a “surface
lipoprotein,” because most of the mass of the HDL parti-
cle is in its surface domain, which is enriched in phospho-
lipids. It has been estimated that in normal plasma, there
are at least 10-fold more HDL particles than the com-
bined number of all other lipoprotein particles (21). This
may account for the observation that very little LPS binds
to VLDL in healthy individuals [even in those with type IV
hyperlipidemia (27)]. Therefore, as observed here, HDL
may continue to bind the majority of the LPS until HDL
levels are critically low and phospholipid levels in the
VLDL and LDL fractions are elevated (Fig. 5).

Our analysis of phospholipids in the major lipoprotein
classes suggests that a compensatory mechanism may exist
to maintain serum phospholipids when HDL levels be-
come critically low. We found that phospholipids were lost
only from the HDL fraction (Table 1) and that the lowest
HDL levels were accompanied by elevated serum phos-
pholipids, free cholesterol, and triglyceriderides. Com-
pensation might also occur by increasing triglycerides in
response to the further loss of cholesterol esters, as was
seen in some of our severe sepsis patients. In any case, in

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

A L IL 1L
(VLDL) (LDL)  (HDL)

17 113 66 Chol
14 74 130 PL
20, 4.9 34 61 LPS

Percent of total

C 9 60 28 Chol
13 59 67  PL
7 33 61  LPs

Percent of total

E 56 35 5 Chol
92 67 67 PL
29 23 48 LPS
25+

Percent of total

G 85 33 2 Chol
198 88 17 PL
30 45 36 20 LPS
251 A

Percent of total
o

b\onoﬂ,« A
0 2 4 6 8 1012 14 16 18 20 22 24
Fraction
#-LPS  a-Phospholipids  -0-Cholesterol

L IL I
(VLDL) (LDL)  (HDL)
<2 <3 176  apoA-l
6.7 77.4 <4  apoB

30, 0.55 0.52 1.1 apoE

D <1 <3 62.6 apoA-
<4 <12 411.9 apoSAA
4.8 49.8 <3 apoB
30, 0.9 0.7 024 apoE
251 A

F 0 <1 54.1 apoA-|
<30 <30 1503.9 apoSAA
15.3 52.3 <2 apoB
1.3 0.5 0.4 apoE

30 A

254

20

151

10

54

0, o @4

0 2 24

H <1 <2 24.7 apoA-l
14.9 5.1 13.2 apoSAA

25- 50.0 60.6 <1 apoB
4.0 2.3 /3.4 apoE

201 i

151

10

5

04

Fraction
®LPS -OapoA-l ®SAA -4apoB -AapoE

Fig. 4. Chromatographic separation of lipoproteins in representative samples. Serum samples from a
healthy control subject (A, B), a patient with sepsis (E, F), and patients with severe sepsis (C, D and G, H)
were incubated with [3H]LPS (50 ng/ml) for 10 min, and the total lipoprotein fraction was then isolated by
ultracentrifugal flotation. The lipoproteins were then fractionated on a Superose 6 column, and the frac-

tions were assayed for [*H]LPS, total cholesterol,

phospholipids (A, C, E, G), and apolipoproteins (B, D, F,

H). Serum concentrations (mg/dl) of cholesterol (Chol), phospholipids (PL), and apolipoproteins in each
lipoprotein class were determined by multiplying the content of each class (percent of total) by the total con-
centration of each component in the serum sample. The LPS content of each peak is shown as percent of the
total LPS. The values shown in A and B are means of the control subjects.
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Fig. 5. LPS binding to VLDL and LDL vary inversely with HDL
levels. Lipoproteins from controls and critically ill patients were an-
alyzed as described in Fig. 4. A: VLDL phospholipid levels, com-
puted as described in Table 1, were plotted against percentages of
the total lipoprotein-bound [3H]LPS found in the HDL peak
([*H]LPS-HDL; r = —0.8869) or in the VLDL peak ([*H]LPS-
VLDL; r = 0.9689; P < 0.0001). B: HDL phospholipid levels, also
computed as described in Table 1, were plotted against [*H]LPS-
HDL (r = 0.8836) or [*H]LPS-VLDL (r = —0.7294). C: HDL phos-
pholipid levels were plotted against [*H]LPS-LDL (r = —0.7099; P <
0.0001). Controls were excluded from the regression analyses in B
and C.

critically ill patients, lipids are carried principally by LDL
and VLDL, and the increased phospholipid content of
these fractions corresponds to their increased ability to
bind LPS (Figs. 2, 5). Others have reported that whereas
total phospholipid levels decline somewhat in critically ill
or infected patients (10, 36-38), they do not decline as
precipitously as do total cholesterol levels, which are lost
from both HDL and LDL fractions. In keeping with our
observations, these studies found that the loss of HDL
phospholipids accounted for most of the decline in total
phospholipids, whereas little decrease occurred in LDL
and no phospholipids were lost from VLDL. Also in keep-
ing with our findings, others have reported that elevated
serum phospholipids are associated with infection-induced
hypertriglyceridemia (13). Moreover, we found that ele-
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Fig. 6. Acute-phase lipoproteins neutralize the bioactivity of LPS.
Normal human monocytes were incubated for 6 h with increasing
concentrations of free [2H]LPS or with [SH]LPS—lipoprotein com-
plexes ([*H]LPS-LP) from pooled control subjects or patients. Tu-
mor necrosis factor-a was measured in the culture supernatants.
The data are expressed as mean and SD of triplicate wells.

vated triglycerides and phospholipids were also accompa-
nied by increased levels of apoB and apoE (Fig. 4F, H, and
data not shown).

The mechanisms that modify lipoproteins during acute
illness are multifactoral and are probably driven by bacte-
rial agonists (e.g., LPS) and host cytokines (7, 14, 39). The
loss of cholesterol in HDL and LDL may be accounted for
largely by a loss of plasma LCAT activity (40), which has
been reported to decline to extremely low levels in pa-
tients with SIRS and sepsis (35). The decline of LCAT low-
ers esterified cholesterol in both HDL and LDL but does
not decrease phospholipid or free cholesterol levels (40),
so other mechanisms must contribute to the decline of
HDL phospholipids [e.g., increased activity of secretory
phospholipase Ay (sPLAy) and increased clearance of
SAA-HDL] (7, 11, 14, 35). Increased levels of triglycerides
and phospholipids are probably driven by the increased
availability of free fatty acids derived from peripheral li-
polysis, increased de novo hepatic fatty acid synthesis, and
decreased hepatic fatty acid oxidation. Decreased lipopro-
tein lipase activity may also increase circulating triglycer-
ides (7, 14, 39).

Although the LPS-binding capacity of plasma lipopro-
teins greatly exceeds the amount of circulating LPS (24,
41), lipoproteins decrease (1) but do not entirely prevent
LPS responses in cells that are exposed to the blood (e.g.,
circulating monocytes, endothelial cells, and Kupffer
cells). We have shown that the ability of circulating mono-
cytes to respond to LPS can be explained by the observa-
tion that LPS binds to monocytes more rapidly than it
binds to lipoproteins (23, 29). Thus, monocyte responses
to LPS are likely to be influenced more by the rate of LPS
binding to lipoproteins than by the total capacity of lipo-
proteins to bind LPS. During critical illness, LPS-mono-
cyte interactions may be reduced in two general ways: i)
acute-phase lipoproteins may compete with monocytes
and other LPS-responsive cells more effectively for bind-
ing LPS, and #) lipoproteins and soluble CD14 accelerate
the removal of LPS from monocyte surfaces and thereby
attenuate responses to the LPS that has already bound to
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them (29). We previously showed that the latter mecha-
nism is enhanced in the serum of injured and septic
patients (29), and our data now suggest that the first
mechanism is also more active under the same clinical
conditions. It should be noted, however, that the ex vivo
whole-blood studies of Gordon and coworkers (25) sug-
gest that adding reconstituted lipoproteins to the blood of
critically ill patients could have an additional antiinflam-
matory effect, presumably by increasing the rate of LPS
binding to the lipoprotein fraction of plasma.

The mechanism that accelerates the binding of free
LPS to acute-phase lipoproteins is unclear. Whereas LBP
may be important for transferring LPS to lipoproteins
(22), in this study we found that variations in serum LBP
levels did not correlate with variations in the rate of LPS
binding to lipoproteins, suggesting that LPSlipoprotein
binding is not modulated by changes in the concentration
of LBP. However, we cannot exclude the possibility that
phospholipid transfer protein, which is also increased in
the blood of septic patients (35), might enhance LPS
binding to lipoproteins (22). Changes in the composition
of plasma lipoproteins during inflammation and infection
(7, 39) might also influence LPSlipoprotein binding. Our
data (Table 1) show that the ratio of phospholipids to cho-
lesterol was usually increased above control levels in all li-
poprotein classes and in all clinical groups and that this
ratio correlated with the rate of LPS binding to lipopro-
teins (Fig. 3B). This correlation suggests that phospho-
lipid enrichment may contribute to the enhanced ability
of the modified lipoproteins to bind LPS. However, we
cannot rule out the possibility that the phospholipid-to-
cholesterol ratio correlates with another serum alteration
that is mechanistically important. The positive correlation
between total serum apoE and LPSlipoprotein binding (r =
0.63; P < 0.0001) raises the possibility that apoE may play
a role. This hypothesis is supported by the known ability
of apoE to bind LPS (42) and by our findings that signifi-
cant positive correlations exist between the percentages of
the total lipoprotein-bound LPS and the percentages of
the total apoE found in each respective lipoprotein class
(LPS-HDL vs. apoE-HDL: r = 0.72, P < 0.0001; LPS-LDL
vs. apoE-LDL: » = 0.41, P = 0.014; LPS-VLDL vs. apoE-
VLDL: r = 0.66, P < 0.0001).

We cannot rule out the possibility that structural differ-
ences among LPSs derived from different bacterial strains
or species might influence the binding of the LPS to dif-
ferent lipoprotein classes. However, the distribution of
our [*H]LPS among the major lipoprotein classes gener-
ally agrees with that of Levels and coworkers (24), who
studied, using a fluorescence dequenching method, the
binding of three widely different forms of LPS (O111:B4
and J5 from E. coli and Reb595 from Salmonella typhimu-
rium) to lipoproteins in normal human serum. Whereas
their data suggest that some of the HDL-bound LPS
moved to LDL or VLDL between short (10 min) and long
(60 min) incubation times, we found that the distribution
of our [*H]LPS among the major lipoprotein classes was
identical at both of these time points (data not shown).

Although the extent to which apolipoproteins influ-

ence LPSlipoprotein binding is unclear, they are impor-
tant determinants of the clearance of LPS-lipoprotein
complexes. SAA enhances the clearance of HDL [as re-
viewed in ref. (11)], and the association of LPS with apoE-
and apoB-containing particles may greatly increase LPS
clearance by promoting its uptake by receptors of the
LDL receptor family. Whereas LPS that is complexed with
normal HDL circulates for many hours (2), LPS that is
complexed with apoE-containing CM remnants (3-VLDL)
is cleared within minutes (43), principally by hepatocytes.
Because LPSlipoprotein complexes that are isolated from
serum by density flotation are essentially devoid of bioac-
tivity (Fig. 6), the physiological importance of their rapid
in vivo clearance is uncertain. However, it should be noted
that a substantial fraction of the LPS that is added to se-
rum does not become irreversibly bound to lipoproteins
(see Results and Fig. 3A); a portion of this LPS might bind
to proteins that are loosely associated with lipoproteins
[e.g., LBP (44) and sPLAy (45, 46) ] and might still be able
to stimulate LPS-sensitive cells. Rapid clearance of this
kind of LPS-lipoprotein complex may have greater func-
tional importance than the clearance of tightly associated
LPS-lipoprotein complexes. LPS complexes with apoE-
containing lipoproteins may also have antiinflammatory
properties. For example, apoE can redirect LPS from
Kupffer cells to hepatocytes (42), and Harris and cowork-
ers (47) have reported that apoE-containing LPS-lipopro-
tein complexes can downregulate inflammatory responses
to cytokines in primary hepatocytes by a mechanism that
is mediated by the LDL receptor.

In recent years, infection- and inflammation-induced
changes in circulating lipoproteins have attracted interest
because of their presumed proinflammatory and pro-
atherogenic properties (7). Our results suggest that with
regard to host defense against bacterial infection, these
changes may actually help reduce inflammatory reactions. 5l
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